In this study, we developed a method to assess reservoir-type water source vulnerability (WSV) and adapted the method to the Yuqiao Reservoir (in Tianjin in North China). First, we identified the factors that influence reservoir vulnerability and selected suitable indexes for vulnerability assessment. Second, the CRITIC, AHP and integrated weighting methods were applied to quantify the index weight. Third, the information diffusion method was applied to process the index data. Finally, the vulnerability of the Yuqiao Reservoir was assessed, and the results showed that the vulnerability of the Yuqiao Reservoir is high, with social factors (i.e. the road traffic system, automatic management control system, potential menace in evaluation scope, destructive man-made accidents, emergency management plan, and per capita water consumption) being the main reasons.
Introduction
In recent years, due to the rapid growth of the economy and industry, city water resource pollution incidents worldwide have led to water source quality deterioration. In addition, the increasing demands for industry and domestic water have forced many countries to face severe water shortage problems. To understand the nature of water resource systems and to ensure sustainable development, many researchers have begun to study the vulnerability of water resources.
The vulnerability of water resources refers to the susceptibility of a system (individual, community or place) to damage as a function of exposure to external threats (shocks, stress and disturbances), sensitivity of the system, and the ability of the system to respond (cope, recover and adapt). It includes surface water vulnerability and groundwater vulnerability (Plummer et al. 2012) .
Research on water resource vulnerability began in the 1960s. Albinet and Marget first defined the concept of groundwater vulnerability (Doerfliger et al. 1999) . Subsequently, many scholars began to study water resource vulnerability, and a variety of models focused on the characteristics of specific areas has been developed, such as the DRASTIC method (Aller et al. 1987) , the EPKI and PI models (Doerfliger et al. 1999 , Goldscheider 2003 , Mimi and Assi 2009 , and the SINTACS method (Al-Amoush et al. 2010) . In recent years, with the wide application of GIS technology, researchers have also combined the various models with GIS to evaluate the vulnerability (Yin et al. 2013 , Aydi et al. 2013 , Majandang and Sarapirome 2013 .
Compared with the study of groundwater vulnerability, the study of surface water is relatively recent. In recent years, models have been developed to study surface water vulnerability, such as WSI (Chaves and Alipaz 2007) , the SD Model (Wu et al. 2013) , and GCVI (Jubeh and Mimi 2012) . In 2012, Ryan Plummer reviewed the methods to assess surface water vulnerability, screened out 50 types of water vulnerability assessment methods and briefly analysed them (Plummer et al. 2012) . Due to the short research time, studies on surface water vulnerability still have some shortcomings, mainly: (1) the evaluation indexes are either too simple or too complex to obtain data; (2) the index weights are hard to quantify, so some researchers choose to avoid discussing index weights in their studies (Chaves and Alipaz 2007 , Alessa et al. 2008 , Jubeh and Mimi 2012 ; (3) the common way to process index data is simply to take the average of these data (Sullivan 2011) .
Surface water sources include lake-reservoir water sources and river-type water sources, and reservoirtype sources are a very important part. In China, there are approximately 86 000 reservoirs, and their total storage is approximately 63.45 × 10 9 m 3 . The annual water supply capacity of reservoirs in China is more than 500 × 10 9 m 3 , and the amount for cities is more than 20 × 10 9 m 3 . The water of many cities in China is supplied partly or entirely by reservoirs (Liang 2010) . Therefore, assessing reservoir vulnerability is significant in further understanding the properties of water resource systems, maintaining the sustainable use of water system resources, and reducing adverse impact caused by external threats.
This paper selected reservoir-type water sources as the evaluated objects, established an evaluation index system and calculated a comprehensive vulnerability score. Considering the shortcomings in the present studies, this paper mainly focuses on the following goals: (1) establishing a reservoir-type water source index system; (2) identifying a suitable evaluation model for reservoirtype water sources by combining characteristics of the data of each index; and (3) selecting an appropriate weighting method by analysing the evaluation result.
Method
The steps for assessing reservoir-type water source vulnerability (WSV) are as follows: first, establishing an evaluation index system; second, determining the weight of each index; and finally, using a mathematical method to calculate water resource vulnerability.
Index system
The threats that reservoir-type water sources face can be divided into natural threats and social threats. Natural threats mainly include: climate conditions, reservoir water amount and water quality, geographical position and topographic conditions, and forest coverage rate. Social threats mainly include: road traffic system, automatic management control system, potential menace in evaluation scope, destructive man-made accidents and emergency management plan.
Based on the analysis above, this paper divides the target layer into social and natural factors and ultimately selects the 12 indexes shown in Table 1 .
Weighting method
The index weighting method includes a subjective method, an objective method and a comprehensive weighting method. To select a suitable weighting method for the indexes of reservoir-type water sources, this paper adapts the CRITIC (Diakoulaki et al. 1995) method, the AHP method and a comprehensive method based on the minimum information entropy to determine index weight and then analyse the weighting result.
The CRITIC method and AHP, respectively, belong to the objective and subjective weighting methods, and these two methods have been widely used (You et al. 2011 , Jahan et al. 2012 , Qian et al. 2012 , Liu et al. 2012 , Erhan and Aysen 2012 , Chang 2013 . Therefore, the details of these two methods are not described here.
Comprehensive weighting (CW) methods are a way to obtain new coefficients by assembling the subjective weighting results and objective weighting results in accordance with certain rules, and the results of the comprehensive method can simultaneously embody both subjective and objective information (Chen 2004) . Relative entropy is a parameter, which is used to measure the similarity of two different probability distributions; it is expressed as:
A smaller L(p,q) means greater similarity of the two distributions; L(p,q) = 0 means p i = q i , indicating that the two distributions are identical (Zhu 2001) . When processing the weighting results with the minimal information entropy method, we can think of these results as different distributions. To ensure that the new weight obtains as much information as possible from both the subjective and objective methods, the new weight ω should get both the objective weight ω 1 and subjective weight ω 2 as close as possible. The expression is:
We can obtain a new formula by combining equations (1) and (2):
By optimising equation (3) using the Lagrange multiplier, we can obtain:
Equation (5) is the final formula.
Vulnerability calculation model
The data processing methods in most surface water vulnerability studies take the average of the index data, which does not effectively reflect the regulation of data change. When the index data are hard to acquire, adapting this approach can lead to inaccurate results. To solve this problem, we applied an information diffusion theory model to evaluate and analyse the data of the reservoir-type water source.
The information diffusion method is a type of fuzzy mathematics, the function of which is estimating incomplete data according to the appropriate diffuse function, and the data processing result is close to the objective phenomenon (Huang 1997) .
The assessment mode based on information diffusion theory is expressed as follows:
The discourse universe of index is
where U is the discourse universe, and u 1 , u 2 , . . ., u n are the defined values in U. They are determined by the sample data. The data sample of the index is:
where x 1 , x 2 , x n are the sample data.
The information that a sample value carries diffuses to all points on U according to normal diffusion.
ði ¼ 1; 2; 3; . . . ; n; j ¼ 1; Á Á Á 2; . . . ; mÞ
In equation (8), f i (u j ) is the possibility that sample data x i diffuses to each value in U(u j ), where h is the diffusion coefficient, and the solution of h is presented in Table 2 . Processing the sample point X i according to equation (8), let:
The membership function of the corresponding fuzzy subset is:
where μ x i u j À Á is the normalized information distribution of x i , and an ideal assessment result can be obtained by processing μ x i u j À Á :
where p(u j ) is the frequency that the study object is taken as u j (Huang 2004 (Huang , 2006 .
3 Case study
Study area
Yuqiao Reservoir ( Fig. 1 ) was selected as the assessment object; it is located in the basin of the Zhou River (390°2 3′-400°23′N; 117°26′-118°12′E), which is on the northeast side of the North China Plain. It is one of the key large-scale reservoirs of China and is also the main water source of Tianjin, with a total capacity of 1559 × 10 6 m 3 . Table 2 . Evaluation formulae of h under different values of n.
2.6581(b − 1)/(n − 1) a and b are the minimum and maximum values of the sample data, respectively; n is the number of sample points.
Yuqiao Reservoir is a mountain valley type of reservoir; its average annual precipitation is 678.6 mm, the annual production runoff is 5.06 × 10 8 m 3
, and the drainage basin area is 2060 km 2 . There are three main upstream tributaries flowing into the Yuqiao Reservoir: the Sha River (70 km), the Li River (55.5 km) and the Lin River (47 km). There are also more than 40 other rivers in the reservoir basin. The catchment area of these rivers is generally small and their flow rate variation is significant with the changing of the seasons. These rivers finally feed into the three main upstream tributaries.
In the past decade, with the development of industrialization and the economy, the types and quantity of contaminants have increased rapidly, and the reservoir quality has deteriorated significantly. Since 2000, the water quality of Yuqiao Reservoir has fluctuated between level IV and level V according to the "Surface Water Environmental Quality Standard" (GB3838-2002) of China (Cheng 2005 , Jin et al. 2008 , Wang et al. 2008 , Liu et al. 2009 , Ma et al. 2009 , Zhu et al. 2012 , Xu et al. 2014 .
Index selection
By analysing the social factors and natural factors that influence the vulnerability of reservoir water sources, we established a general evaluation system. However, when assessing a specific object, to make a quantitative evaluation, it is necessary to select a quantified index according to the characteristics of the evaluated object.
Climatic factors could influence reservoir water amount through precipitation and evaporation, so the climatic conditions are expressed by the average annual rainfall, annual evaporation and annual rainfall anomaly percentage (Ju et al. 1987) . The geographical location determines the climatic conditions, so the indexes characterizing the geographical location can also characterize the climate conditions. Pondage variation can reflect the variation of reservoir storage, so this index can express reservoir storage. Reservoir water quality is expressed by the standard category of water quality. The main role of woodlands is conserving water, impacting precipitation and evaporation; therefore, the forest coverage rate can be reflected by the drought index, which is the ratio of the amount of rainfall and evaporation. According to the above analysis, natural physical factors can be represented by the precipitation anomaly percentage, drought index, variation of pondage and reservoir water quality.
Water consumption can be reflected by per capita water consumption. Environmental awareness and regulations can reflect the environmental protection situation of the local government and environmental awareness among residents, so it can be used to replace destructive man-made accidents. Emergency management plans are determined by the expert scoring method. Potential threat is reflected by the water quality of the upstream tributaries. Dam safety is also considered as one of the reservoir's potential threats, and study has shown that the reservoir level directly influences dam safety (Liu 2007) . Therefore, we use the reservoir level to replace dam safety. The road signs beside Yuqiao Reservoir explicitly prohibit transporting dangerous goods around the reservoir, and there is no information on reservoir pollution caused by accidents reported, nor is there information for the failure of the automatic control system. Therefore, these indexes are not included in the evaluation indexes. According to the above analysis, social and cultural factors can be represented by seven factors: per capita water consumption, reservoir levels, emergency management plans, environmental awareness and regulations, water quality of the Sha River, water quality of the Li River, and water quality of the Lin River.
River water quality data are obtained from the research of Zhao (2009) . The score of emergency management plan, regulations and environmental awareness is determined by 15 domain experts respectively, and the paper takes the average of the appraisal results. The other data are obtained from Tianjin Water Resources Bulletin, the Tianjin Statistical Yearbook and Report on the State of the Environment in China.
The indexes and data are shown in Tables 3, 4 and 5.
3.3 Determining weight coefficient of indexes 3.3.1 AHP This paper adapts the 1-9 scale method of AHP to assign relative priorities for different indexes. The concrete steps are:
(1) construct a factor judgment matrix of natural factors and social factors; (2) consult the scoring results of 15 hydrogeological experts for the judgement matrix; and (3) calculate the index weights according to these scoring results, and average the weighting results. Due to limited space, just one of the 15 hydrogeological experts' scoring results is given in Tables 6 and 7.
CRITIC method
The weighting process of CRITIC is not shown here; the weighting results are shown in Table 8 .
Comprehensive weighting method
By processing the weighting result obtained from the AHP and CRITIC methods according to equation (5), we can obtain the comprehensive index weight. For example, the weight of reservoir level is 0.0995 and 0.045, respectively, according to CRITIC and AHP, 217  203  216  221  213  209  190  190  174  171  Reservoir water quality  III  III  IV  IV  IV  IV  IV  V  V  V  IV and the square root of the two weights' product is 0.067. The normalized result of 0.067 according to equation (5) is the reservoir level's new weight.
The weighting results based on the above three methods are shown in Table 8 .
Vulnerability assessment results
This paper adapts the information diffusion model to evaluate reservoir-type water source vulnerability.
When the index samples data are known, a wider discourse universe and shorter step size mean the obtained results are more accurate. It also means that the data processing is more complex. Given the characteristics of the index data, the simplicity of data processing and the value range of index, the index discourse universe is set in this paper. For example, the sample set of Li River water quality is {3. 33, 5.42, 4.95, 3.59, 3.35, 4 .41}, and the value range of the sample set is [3, 4] , so the suitable discourse universe of Li River water quality is [0, 7] , which can cover the sample set. For enhancing computational accuracy, the step size is determined as 0.2. The discourse universe and step size are shown in Table 9 . After selecting the discourse universe and step size, we can obtain the occurrence probability of each value in the discourse universe according to equations (8)-(13).
After obtaining the occurrence probability, the vulnerability grading criteria are defined to grade the index vulnerability. This paper defines the grading criteria by depending on the index normal value and index value variation when the water source suffers external threats, and sets the threshold for the grades. Further, the WSV can be divided into six types: no WSV, very low WSV, low WSV, median WSV, high WSV, and extreme WSV. Each type has the corresponding values (in Table 10 ). The greater score of the indexes, the less vulnerable the region. For example, the threshold of heavy pollution is 2 when the integrated pollution index is adopted to characterize water pollution level. So when the integrated pollution index of the Li River is greater than 2, the vulnerability score of the Li River is 0, and the vulnerability type of the Li River is extreme WSV.
The vulnerability grading criteria are shown in Table 10 .
The grade result of each index can be obtained according to this criterion. For example, Fig. 2 possibility of each value in the discourse universe of the Li River, and the figure shows larger values have greater possibilities. When the value is larger than 4, the value becomes significant (P > 0.05). However, when the integrated pollution index of the Li River is greater than 2, the vulnerability score of the Li River is 0. The grade result of each index is shown in Table 11 .
is the
We have obtained an index score and index weight above, and the vulnerability assessment result is the product of them. The formula is given by:
where ω i is the index weight, and r i is the index score. For CRITIC, the overall vulnerability score D = 0.094 × 7 + 0.0889 × 5+ . . . + 0.1082 × 0 = 3.5, and the vulnerability assessment results are shown in Table 12 .
To further identify the source of Yuqiao Reservoir's vulnerability, this paper classifies the precipitation, drought index, the variation of pondage, dam safety, and emergency plans as the water quantity vulnerability indexes to assess the water quantity vulnerability and classify the water quality of the Li River, the water quality of the Lin River, and the water quality of the Sha River. Regulations and environmental awareness and reservoir water quality are used as water quality vulnerability indexes to assess the water quality vulnerability.
For CRITIC, the quantity vulnerability score D = 0.094 × 7 + 0.0889 × 5 + . . . + 0.035 × 5 = 6.3, and the vulnerability assessment results are shown in Table 13 .
Discussion
This paper adapts the CRITIC method, AHP and CW methods to determine index weight of the Yuqiao Reservoir and to evaluate Yuqiao Reservoir's vulnerability. The vulnerability scores of the Yuqiao Reservoir based on the three weighting methods were 3.5, 3.18 and 3.16 points, respectively. These results show that the Yuqiao Reservoir's vulnerability is between median WSA and high WSA. The vulnerability assessment results based on the CRITIC and AHP methods show significant differences because AHP and CRITIC, respectively, are subjective and objective methods, and their weighting standards are different.
Standard deviation can be used to measure the variation degree of the data. When there are different results between different methods, the standard deviation can be used as a means to select the best method. A smaller standard deviation of the result means the result is more precise and stable, and the chosen method is better.
To select the best weighting method of the three methods in this paper, the standard deviations of these methods were analysed by determining the average value of the index weighting results based on the three methods, then determining the standard deviation of a method according to:
where x j represents the average value of j, and σ i is the standard deviation of weighting method i. The standard deviations of the AHP, CRITIC and CW methods were 0.083 0.076 and 0.0135, respectively. The standard deviation of the comprehensive method is the smallest, indicating that the comprehensive method has the best stability of the three methods. Therefore, it is the ideal method.
In the process of determining the average value of the three methods' weighting results, the CW result is closer to the average value compared to the other two methods because the comprehensive method comprehensively considers the factors that are contained in the other two methods. Therefore, the weighting result based on the comprehensive method can reduce the subjective randomness in compliance with cognition. This phenomenon shows that the comprehensive method is an ideal method.
As seen from Table 12 , the vulnerability score of natural factors is significantly higher than social factors, indicating that social vulnerability is the main factor causing the vulnerability of the Yuqiao Reservoir. The vulnerability scores of Li River water quality, Sha River water quality and Lin River water quality are all 0, and the sums of these index weights are, respectively, 0.3396, 0.3681 and 0.3481, based on CRITIC, AHP and CW methods, indicating that these three indexes occupy an important place in the index system. Therefore, these indexes have a major impact on the Yuqiao Reservoir's vulnerability.
The paper also analysed the water quantity and quality vulnerability of the Yuqiao Reservoir and found that the water quality vulnerability score is much lower than water quantity score. The weights of the water quality indexes are, respectively, 0.53, 0.4732 and 0.4735, based on the CRITIC, AHP and CW methods, indicating that water quality vulnerability is the main factor influencing the overall vulnerability. The water quality of the three rivers and the reservoir was found to occupy a large proportion of the water quality factor when analysing the weighting result, and the vulnerability scores of these factors are all zero. Therefore, the poor water quality of the three rivers and the reservoir are the chief effect of the water quality vulnerability. The investigation shows that industrial waste in the three rivers' catchment areas, the fertilizers and pesticides used in farmland, aquaculture, and stacking solid waste around the reservoir are the main sources of pollution. In addition, due to the interference of human activities, a large number of fish ponds, villages and farmland surrounding the reservoir, nonpoint source pollution has increased significantly. These are the main factors causing the vulnerability of the Yuqiao Reservoir.
Conclusion
This paper establishes a vulnerability index system suitable for reservoir-type water sources and evaluates the Yuqiao Reservoir's vulnerability to reach the following conclusions:
In the process of establishing an index system, this paper considers both the factors impacting on vulnerability and the availability of the indexes. This approach can provide a reference for later reservoirtype water source vulnerability assessment work.
The standard deviation of the comprehensive method is the smallest of the three weighting methods; therefore, a comprehensive method is a suitable weighting method for reservoir-type water source index systems.
The assessment results show that the Yuqiao Reservoir's vulnerability is between medium and high, and social factors are the main reasons for the vulnerability of the Yuqiao Reservoir. By analysing the indexes of water quality factors, we can see that the water quality of the three rivers and the reservoir is the root cause of the Yuqiao Reservoir's high vulnerability.
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